SUMMARY 35S-labelled West Nile virus was used in radioactive binding, internalization and degradation studies in the macrophage cell line P388D1 in the absence or presence of various concentrations of antiviral antibody. Proteases were used to help distinguish between intracellular and extracellular (bound) virus. It was found that the enhancement in viral infectivity that occurs in the presence of subneutralizing concentrations of antiviral antibody was caused by (i) increased binding of virus to the cell surface and (ii) a higher specific infectivity of antibody-opsonized virus particles, apparently due to a more efficient internalization process. In contrast, little difference was found in the rate of internalization and intracellular degradation for virus particles that did enter the cells, Lysosomotropic amines were capable of markedly inhibiting viral replication in P388D1 cells at an early stage of infection both in the absence and presence of subneutralizing concentrations of antibody, although antibody-mediated enhancement of viral replication remained.
INTRODUCTION
A paradoxical increase in viral replication in the presence of subneutralizing concentrations of antiviral antibody has been demonstrated for flaviviruses (Halstead & O'Rourke, 1977; Peiris & Porterfield, 1979; Schlesinger & Brandriss, 1981 ; Brandt et al., 1982) , alphaviruses (Chanas et al., 1982) , Bunyaviridae (Millican & Porterfield, 1982) , Rhabdoviridae (Clerx et al., 1978) and Reoviridae (Burstin et al., 1983) . The most studied type of enhancement, and that which is dealt with in this paper, occurs when infecting cells of the monocyte macrophage lineage, or macrophage-like cell lines, with virus at low multiplicities of infection. It is dependent on the Fc portion of anti-viral IgG molecules (Halstead & O'Rourke, 1977; Chanas et al., 1982) and on functional Fc receptors (FcR) on the cells themselves (Peiris et al., 1981) . The increased virus yields are due to an increased number of cells becoming infected in the presence of antibody (Peiris et al., 1981) . Experiments with iodinated reovirus showed that the enhancement of infectivity using this virus could be totally accounted for by an increase in the amount of virus binding to cells (Burstin et al., 1983) . A second type of enhancement, which is not considered in this paper, is dependent on the complement receptor CR3 (Cardosa et al., 1983) .
To investigate further the mechanism of FcR-dependent enhancement, the fate of a radioactively labelled flavivirus (West Nile virus, WNV) has been followed on infection of the macrophage-like cell line P388D1. This was done through assays of radioactivity distribution and infectious centre assays, after incubation of virus and cells for various lengths of time, in the presence of various concentrations of antibody, either on ice or at 37 °C.
Time course of the effect of amines on WNV synchronized injections. Stock solutions of amines were prepared on the day of use (ammonium chloride and methylamine, 250 mM; chloroquine, 0.5 raM), in L-15 medium containing 0.5~ BSA. A largely synchronized WNV infection of P388DI cells was produced in the following manner. Medium was aspirated from monolayers of P388D1 cells in 2 cmz Linbro wells and the cells were then incubated at 4 °C with WNV in 0.2 ml medium for 2-5 h in the presence or absence of RaWNV immune serum (final concentration 10-~). Medium was then aspirated and replaced with fresh virus-free assay medium pre-warmed to 37 °C. The Linbro plates were then placed on a 37 °C hot plate and at various times after warm-up, ammonium chloride or methylamine (final concn. 50 mM) or chloroquine (final concn. 0-1 raM) were added to wells and the cells incubated in the presence of the amine for 3.5 h. They were then washed once, CM-cellulose overlay medium was added, and after 3 days incubation at 37 °C plaques were stained and counted.
RESULTS

Characterization of viral preparations
Virus preparations run on 15~ polyacrylamide gels were autoradiographically pure (not shown). Most label (70~o) appeared in the 53K glycoprotein (E), less (25~) in the 14K capsid protein (C), and very little label (5~) was visible in the 8K membrane protein (M) (nomenclature according to Westaway et al., 1980) . The titre of virus preparations in L929 cells was 111 500 p.f.u./ml and there were 100000 c.p.m, of virus/ml. A minimum estimate for the number of virus particles per c.p.m., based on the methionine content of the virus protein, was derived by assuming a flavivirus molecular weight of approximately 7 x 107 (calculated from the RNA content of virus particles: Boulton & Westaway, 1972; Wengler et al., 1978; Trent, 1980) and that all the methionine in virus particles was derived from that in the [35S]methionine-containing medium. This gave a value of approximately 200 particles per c.p.m.
Viral binding and infectivity at 4 °C
Effect of antibody concentration
Binding was taken to be association of virus with cells at 0 to 4 °C (on ice) as in other viral binding studies (Huggins et al., 1983; Marsh & Helenius, 1980; Schlegel et al., 1982) . Using the standard binding conditions of a 2 h 40 rain incubation on ice and a cell number of 4 x 106 P388D1 cells, it was shown that subneutralizing concentrations of Rc~WNV immune serum increased both the binding of virus to the cells (Fig. 1 a) and the specific infectivity of bound virus (Fig. I b) , with the peak occurring in both cases at a 10 -4 concentration of antibody. At an antibody concentration of 10 i, virus was neutralized and a prozone effect occurred, with a reduction in viral binding.
Similar results, with viral binding peaks occurring at subneutralizing concentrations of antibody, were obtained with rabbit anti-WNV IgG, mouse anti-WNV hyperimmune ascitic fluid, and purified monoclonal antibody F7/3 (directed against the viral 53K glycoprotein; Peiris et al., 1982) (data not shown).
Under the standard binding conditions the amount of bound virus and the infectious centre titre increased in a parallel manner as cell number was increased over the range of l0 s to 107 cells (data not shown), both in the absence and presence of R~WNV immune serum . Thus, the difference in specific infectivity between antibody-coated and antibody-free cell surface-bound virus did not vary over this range of cell numbers.
EI)2,ct of time
When the time course of the variation of the specific infectivity of individual virions themselves was examined (Fig. 2c) , it appeared that they underwent a progressive interaction with antibody, passing through a stage when they were optimally infectious in FcR -bearing cells and then progressing to neutralization on further incubation in the presence of antiviral antibody. This sequence was slower the lower the antibody concentration. At 2 h 40 min (Fig.  2c) , the specific infectivity of virus particles in the presence of Rc~WNV antibody [10 -3 ] was decreasing, specific infectivity reaching a peak at 40 min. However, at 2 h 40 rain the specific infectivity of virions in the presence of R~WNV antibody [10 4] was increasing, having probably not reached its peak. It should be noted that the highest specific infectivity seen for cell surface-bound virus particles in Fig. 2 (c) is 155 times more than that recorded for virus particles in suspension when determined by conventional plaque assay in L929 cells (as in Madrid & Porterfield, 1969) . Fig. 3 (a) shows that at 37 °C there was a more rapid association of virus with cells and the peak of infectivity was reached faster than at 4 °C in the presence of Rc~WNV antibody , and there was no appreciable decline in infectivity with time once the peak was reached. The values for specific infectivity (Fig. 3 b) in the presence of antibody rose to higher levels in 2 h 40 min than at 4 °C and this peak is shown later (Fig. 7a ) to be due to intracellular degradation of virus and loss of radioactivity to the medium. In the absence of antibody the specific infectivity of viral particles showed no such large increase over the 4 °C time course values, showing that there was less degradation of virus associated with cells in the experimental time course. This is shown later to be due to a large proportion of virus associated with cells in the absence of antibody remaining on the cell surface without internalization and degradation ( Fig. 6 and 7 ).
Viral association with cells and infectivity at 37 °C: effect of time
Effect of antibody 2.4G2 on association of virus with cells at 4 °C and 37 °C
The anti-trypsin-resistant Fc receptor monoclonal antibody 2.4G2 (Unkeless, 1979) was used directly as a tissue culture supernatant fluid. This has previously been shown to be able to inhibit antibody-dependent enhancement of WNV replication (Peiris et al., 1981) . It was found to be able to inhibit the increased binding of virus seen at 4 °C in the presence of Rc~WNV antibody [10 3] to control levels (Fig. 4a) . It was also able to inhibit substantially the antibody-mediated increased association of radioactivity with cells at 37 °C almost to control levels (Fig. 4b) . This indicates that experiments at both 4 °C and at 37 °C involved an Fc receptor-dependent mechanism.
Effect of proteases on bound virus
Proteases were chosen in an attempt to differentiate between bound and internalized virus in P388DI cells Marlin et al., 1982; Andersen & Nexo, 1983) . Initial experiments were carried out on the ability of various proteases to remove virus which had been prebound in the presence of Rc~WNV antibody [10 -4] for 2 h 40 min (Fig. 5 a) . The protease most efficient at removing antibody-bound virus was Pronase, and the concentration of 1 mg/ml was chosen for further experiments.
With a viral binding time of 2 h 40 min in the presence of RaWNV antibody , at 4 °C using Pronase at 1 mg/ml, the average amount of radioactivity left bound to cells after treatment in different experiments was 29~. The average for proteinase K (0.5 mg/ml) was 45~ (higher concentrations lowered cell viability). If virus were bound in the absence of antibody for 2 h 40 min at 4 °C, the average amount left after treatment with Pronase (1.0 mg/ml) was 10~, and that for proteinase K (0.5 mg/ml) was 9~. Thus, antibody-coated virus is more difficult to remove than uncoated virus from the cell surface at this time. A time course experiment ( 
Fate of WNV in synchronized infections at 37 °C (Fig. 6)
Internalized radioactivity was regarded as radioactivity that was resistant to removal from the cells with Pronase. For antibody-mediated infections, inaccuracies in the estimation of internalized virus that might be caused by the less efficient removal of cell surface radioactivity with Pronase will be small. This is because the values for Pronase-removable radioactivity were low compared to values for Pronase-resistant radioactivity.
If the sum of Pronase-resistant + acid-soluble radioactivity is regarded as the total internalized radioactivity (A in Fig. 6 ) then the total amount of radioactivity internalized for virus prebound in the absence of antibody was about 30~ of that initially bound, and the corresponding figure for virus bound in the presence of antibody was approximately 80 ~ of that initially bound. However, for virus particles that did enter the cells, in both the presence and absence of antibody, internalization showed a half-life of less than 10 rain and was complete by approximately 0.5 to 1 h after warm-up; in both cases most of the internalized radioactivity had been degraded to TCA-soluble material by 2.5 h.
Antibody-coated virus is more firmly bound to the cell surface than uncoated virus as indicated by the greater amount of the latter that eluted from cells during the time course experiments (TCA-precipitable material). (Fig. 7) The total internalized radioactivity is regarded again as the sum of Pronase-resistant + acidsoluble radioactivity at any time point (A in Fig. 7) .
Fate of WNV in unsynchronized infections at 37 °C
In the presence of antibody, most of the virus that bound to the cells entered them (Fig. 7a) . In the absence of antibody, a substantial proportion of virus binding to the cells did not enter the cells but remained on the surface (Fig. 7b ) (reasons discussed later). Synchronized infection showed that this is probably not due to a slower rate of internalization than antibody-bound virus, but to a definite fraction of surface-bound virus that did not enter cells on warm-up. In both the presence and absence of antibody, degradation occurred with a time lag of about 10 min after warm-up, and most of the internalized radioactivity was channelled to lysosomes where it was degraded to TCA-soluble material.
Overall, the amount of viral radioactivity which had been internalized and reached the lysosomes in an unsynchronized infection in the presence of antibody by 3.5 h was approx, fiveto sixfold higher than in the absence of antibody.
Effect of lysosomotropic amines on WNV infections in the presence and absence of subneutralizing concentrations of antibody (Fig. 8)
Preliminary experiments showed that chloroquine (0.1 mM), methylamine (50 mM) and ammonium chloride (50 mM) were all able to inhibit markedly both antibody-mediated and nonmediated infections of P388D1 cells (results not shown). Ammonium chloride was chosen for further study and it was found that it had to be applied within the first 6 min for virus bound in the absence of antibody, or within the first 2 min for virus bound in the presence of antibody, to exert its full inhibitory effect (which was 80~ and 71 ~ inhibition respectively).
DISCUSSION
Binding assays at 4 °C show that there is both an increase in the amount of virus bound to cells and an increase in the specific infectivity of bound virus particles themselves, in the presence of subneutralizing concentrations of antiviral antibody. Both factors play a part to varying degrees in dictating the magnitude of enhancement in infectious centre titre seen.
For each concentration of antibody, on incubation at 4 °C there is an optimum time at which the specific infectivity of virus particles is at a maximum before neutralization ensues and, at 4 °C under the protocol used, this was studied as a cell surface phenomenon (Fig. 2) .
The increased specific infectivity of antibody-opsonized cell surface-bound WNV particles is in contrast to results obtained by Burstin et al. (1983) with reovirus. They found that reovirus particles, bound to cells in the presence of subneutralizing concentrations of antiviral antibody, had a similar specific infectivity to non-opsonized cell surface-bound virus. The binding prozone effect seen with the highest concentrations of R~t WNV antibody used (Fig. 1) , could be because aggregation of virus particles takes place at these antibody concentrations. Large aggregates might be removed from the cell surface during the washing procedure more easily than single virus particles. Alternatively, competition from non-specific antibody might inhibit attachment of virus-antibody complexes to cells at higher antibody concentrations.
In synchronized and unsynchronized infections, it was shown that the proportion of WNV bound to the cell surface which then entered the cells was higher in the presence than in the absence of subneutralizing levels of antibody. This partly explains the higher specific infectivity seen for opsonized than non-opsonized cell surface-bound virus. In the absence of antibody, virus particles could be binding to cell surface components that do not mediate entry as efficiently as the FcR. Many examples of cell surface receptors able to bind but not internalize ligand have been recorded (e.g. the C3b receptor on resident peritoneal macrophages; Griffin et al., 1975) . Virus could also be aggregating or patching on the cell surface, and aggregated virus in the absence of antibody opsonization might be more difficult for cells to internalize than monomeric virus. In Fig. 5(c) it was shown that antibody-coated virus is more difficult to remove proteolytically from the cell surface than uncoated virus. This might be due to antibody physically protecting the virus from proteolytic degradation, possibly combined with some cell surface viral capping or patching phenomenon.
Another explanation for the greater proportion of cell surface-bound radioactivity becoming available for lysosomal degradation in the presence of antibody than in the absence of antibody could be that in the absence of antibody some virus enters the cell by fusion with the plasma membrane. Pronase-removable material would thus represent the 53K glycoprotein, in which most of the radioactivity resides, left on the cell surface after the viral core has entered the cell. Several togaviruses have been shown to possess fusing activity, although not in a normal infection via the plasma membrane (V~i~in/inen & K/i~iri~iinen, 1980; White et al., 1980) . Lysosomotropic amines have been shown to be able to raise lysosomal pH in macrophages (Ohkuma & Poole, 1978) and also to inhibit a variety of viral infections (Miller & Lenard, 1981 ; Coombs et al., 1981 ; Helenius et al., 1982; Andersen & Nexo, 1983) . One explanation is that the increase in intralysosomal or endosomal pH inhibits a low-pH-dependent fusion reaction between viral and endosomal membranes (Lenard & Miller, 1982) , although other effects have been attributed to amines, especially chloroquine (Sehgal et al., 1975; Fitzgerald et al., 1980) .
In the case of WNV, amines could markedly inhibit infection of P388D1 cells in the presence or absence of antibody, although antibody-mediated enhancement of viral replication remained. Experiments with ammonium chloride (Fig. 8) showed this was at a stage soon after entry of virus into cells. This implies that an acidic endosomal or lysosomal compartment might be involved in the major infectious entry route in both cases.
However, differences in the amount of virus reaching lysosomes, as demonstrated by differences in degradation in an unsynchronized infection (approximately sixfold), cannot explain the enhancement seen at 37 °C (approximately 40-fold). If an acid-dependent fusion reaction is important in WNV infection, it may be that in an acidic compartment antibody protects virus from degradation and allows it more time for fusion and release of the capsid into the cytosol. Additionally, antibody may function to concentrate virus onto the inner surface of endosomal or lysosomal membranes, so permitting fusion under acidic conditions which may, in the absence of antibody, dissociate virus that has bound from its receptors. Neutralization in this context might mean that such a high concentration of antibody molecules binds to the virion surface that fusion between viral and endosomal membranes is sterically inhibited, even though virus may be bound via FcRs to the endosomal membrane.
